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Structural Basis of Presequence Recognition by the
Mitochondrial Protein Import Receptor Tom20
(Roise et al., 1986; Endo et al., 1989; Karslake et al.,
1990).
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The TOM complex performs multiple functions in a
coordinated manner. First, it recognizes the mitochon-
Summary drial targeting signal and accepts only mitochondrial
proteins. Second, it provides a protein conducting chan-
Most mitochondrial proteins are synthesized in the nel that allows mitochondrial proteins to cross the
cytosol as precursor proteins with a cleavable N-ter- hydrophobic barrier of the outer membrane. Tom20,
minal presequence and are imported into mitochon- Tom37, Tom70, and Tom72 function as redundant re-
dria. We report here the NMR structure of a general ceptor proteins, while Tom40 constitutes a protein con-
import receptor, rat Tom20, in a complex with a prese- ducting channel with the aid of Tom22 (Hill et al., 1998;
quence peptide derived from rat aldehyde dehydroge- van Wilpe et al., 1999). Previous studies on the fungal
nase. The cytosolic domain of Tom20 forms an all mitochondria suggested that Tom70 functions as a re-
a-helical structure with a groove to accommodate the ceptor for a subset of proteins as well as a docking site
presequence peptide. The bound presequence forms for a cytosolic targeting factor, MSF (Hines et al., 1990;
SoÈ llner et al., 1990; Hines and Schatz, 1993; Hachiya etan amphiphilic helical structure with hydrophobic leu-
al., 1995; Komiya et al., 1997). Tom20 functions as acines aligned on one side to interact with a hydropho-
general import receptor for mitochondrial proteins andbic patch in the Tom20 groove. Although the positive
passes them onto the Tom40 channel (SoÈ llner et al.,charges of the presequence are essential for import
1989; Ramage et al., 1993). Purified Tom20 fragmentsability, presequence binding to Tom20 is mediated
were found to interact with some precursor proteins,mainly by hydrophobic rather than ionic interactions.
and this binding was inhibited by presequence peptides
(Schleiff et al., 1997; Brix et al., 1997; Komiya et al., 1998;Introduction
Yano et al., 1998). The binding of synthetic presequence
peptides to Tom20 was also directly measured (SchleiffMost mitochondrial proteins are synthesized in the cyto-
and Turnbull, 1998b).sol as precursor proteins and are imported into the
In order to understand the molecular mechanisms un-mitochondria. The mitochondrial targeting signal is
derlying the multiple functions of the TOM complex incontained within the precursor protein, often in the form
mitochondrial protein import, information on the tertiaryof an N-terminal presequence. Mitochondrial prese-
structure of each of the TOM components is essential.quences do not share distinct consensus sequences but
A low-resolution overall structure of the entire TOM com-
instead display common physicochemical properties.
plex from N. crassa mitochondria has been determined
Presequences are rich in positively charged residues
by electron microscopy and image analysis (KuÈ nkele et
and have the potential to form an amphiphilic helical al., 1998). In the present study, we have determined
structure (Roise et al., 1986, 1988; von Heijne, 1986). the NMR structure of a functional domain of the receptor
Some presequence peptides were found to adopt a heli- subunit of the TOM complex, rat Tom20, in complex
cal conformation upon binding to detergent micelles with a presequence peptide. The bound presequence
peptide adopts an amphiphilic a-helical conformation,
with a hydrophobic surface that interacts with the hy-§ To whom correspondence should be addressed (e-mail: kohda@
drophobic patch in the Tom20 groove. The presentberi.co.jp [D. K.], endo@biochem.chem.nagoya-u.ac.jp [T. E.]).
structure, along with the mutational study carried outk Present address: Department of Clinical Chemistry and Laboratory
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Fukuoka 812±8512, Japan. into the recognition mechanism of the mitochondrial
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Figure 1. Schematic Diagram of D50Tom20 and Its Receptor
Function
(A) Schematic drawing of rat Tom20 and D50Tom20. The positions
of the transmembrane segment (TM), the acidic regions I and II, and
the Q-rich region are shown. The TPR motif, shown as a box, is
partially overlapped with the acidic region I.
(B) D50Tom20 inhibits in vitro import of pCOX IV into mitochondria.
Isolated yeast mitochondria were preincubated with increasing
amounts of D50Tom20-(His)6 for 2 min at 308C and subsequently
incubated with radiolabeled pCOX IV for 30 min at 308C. Amounts
of the imported mature form (mCOX IV) were quantified. The
amounts of pCOX IV added to each reaction are set to 100%.
Figure 2. Chemical Shift Changes of Backbone Amides of(C) pCOX IV binds to D50Tom20 via its presequence. D50Tom20-
D50Tom20 upon Binding to the Presequence Peptides(His)6 was preincubated with Ni-NTA beads (NOVAGEN) in the pres-
ence of increasing amounts of pCOX IV(1±25) (a presequence COX IV, yeast cytochrome oxidase subunit IV; OTC, rat ornithine
peptide, open circles) or SynB2 (Roise et al., 1988; a control nonfunc- transcarbamylase; ALDH, rat aldehyde dehydrogenase. The bound-
tional peptide, closed circles), and subsequently incubated with ary between each presequence and mature protein is indicated with
radiolabeled pCOX IV for 10 min at 258C. pCOX IV bound to a filled triangle. The chemical shift change of each backbone amide
D50Tom20-(His)6 was eluted from the beads with imidazole. The in [1H, 15N]-HSQC was calculated according to the equation,
amounts of pCOX IV added to each reaction are set to 100%. [Dd(1H)21(Dd(15N)/7)2]1/2. The positions of proline residues are indi-
cated with the letter ªpº in the top panel.
targeting signal by a general import mitochondrial re-
ceptor, Tom20. IV(1±25), but not by the nonfunctional control peptide,
SynB2 (Figure 1C). The presence of the linker segment
(residues 25±50) did not affect the concentration ofResults and Discussion
pCOX IV(1±25) needed to inhibit the precursor binding
(data not shown). These results indicate that the coreFunctional Core Domain of Tom20
Tom20 is anchored in the mitochondrial outer mem- domain of D50Tom20, but not the linker segment, binds
to mitochondrial precursor proteins through interactionsbrane by an N-terminal hydrophobic transmembrane
(TM) segment, and the C-terminal domain, which func- with their presequences, as suggested earlier (Schleiff
and Turnbull, 1998a; Yano et al., 1998). The linker seg-tions as a receptor for mitochondrial precursor proteins,
is exposed to the cytosol. This cytosolic domain of rat ment may be responsible for interacting with the lipid
membrane (Schleiff and Turnbull, 1998b), for binding toTom20 consists of two acidic regions, a Q-rich region
containing glutamine and hydrophobic residues, and a the mature parts of precursor proteins (Yano et al., 1998),
or for the assembly of other Tom subunits (Lithgow etsingle tetratrico peptide repeat (TPR) corresponding to a
34-residue motif presumably involved in protein-protein al., 1994; Dekker et al., 1998; T. S., unpublished data).
The lack of these interactions may render the Tom20-interactions (Goebl and Yanagida, 1991; Lamb et al.,
1995) (Figure 1A). Protease digestion experiments car- deleted cells respiration deficient (Iwahashi et al., 1997).
ried out on the C-terminal cytosolic domain revealed
a flexible, protease-sensitive linker segment (residues Influence of Presequence Peptides on the NMR
Spectrum of D50Tom2025±50), followed by a protease-resistant core domain
(residues 51±145, D50Tom20) (Figure 1A). NMR spectra of purified D50Tom20 in aqueous solution
were recorded at 308C. The backbone and sidechainD50Tom20 inhibited the in vitro import of a precursor
protein of cytochrome oxidase subunit IV (pCOX IV) by resonances of D50Tom20 were assigned from standard
heteronuclear three-dimensional NMR experiments. Wecompeting with full-length Tom20 in isolated mitochon-
dria (Figure 1B). As previously observed (Brix et al., 1997; monitored the effects of various mitochondrial prese-
quence peptides on the NMR spectra of 15N-labeledKomiya et al., 1997, 1998; Schleiff et al., 1997; Schleiff
and Turnbull, 1998a), mitochondrial precursor proteins, D50Tom20. The presequence peptides tested here were
pCOX IV(1±25), pALDH(1±22) from aldehyde dehydroge-including pCOX IV, bound to a hexahistidine-tagged
version of D50Tom20 (data not shown). The binding was nase, and pOTC(1±38) from ornithine transcarbamylase
(Figure 2). Increasing amounts of these presequenceinhibited by a 25-residue presequence peptide, pCOX
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Figure 3. Structure of D50Tom20 in Complex with a Presequence Peptide, pALDH(12±22)
(A) Sequence alignment of D50Tom20 and corresponding regions of Tom20 from other organisms (human, Caenorhabditis elegans, Neurospora
crassa, and yeast Saccharomyces cerevisiae). The two acidic regions and the Q-rich region are shaded in red and yellow, respectively. The
TPR motif is shown as a blue box with its consensus amino acids. a helices and flexible regions are drawn as cylinders and broken lines,
respectively. The hydrophobic residues constituting the hydrophobic patch in the presequence binding groove are indicated with yellow
triangles, and the hydrophilic residues in the periphery of the groove are colored in orange (Gln) and red (Glu) circles.
(B) Overlay of the 20 final structures. The residues used for superimposing the different structures are colored in blue (Tom20) and red
(presequence peptide), and the other residues are in gray (Tom20) and orange (presequence).
(C) Ribbon model of D50Tom20 indicating the {1H}-15N heteronuclear NOE values (red to white; 20.9 z 10.9) measured in the absence of the
presequence. Smaller NOE values imply faster motions.
peptides caused changes in the chemical shifts of the interproton distances, 80 slowly exchanging amide pro-
ton-derived distances, and 39 ` dihedral angle restraintsprotein signals in a saturable manner. The chemical shift
for D50Tom20, supplemented with 15 intermolecularchanges, plotted as a function of the residue number
and 19 intrapeptide NOE restraints (Table 1). A total ofof D50Tom20 at the saturated peptide concentrations,
200 structures were calculated, and the 20 structuresindicate remarkable similarity in spite of the diverse
with the lowest energy were selected and subjected toamino acid sequences of the three peptides (Figure 2,
restrained energy minimization. The final 20 structuresthree upper panels).
were superimposed on the mean coordinate positionWhen the 22-residue presequence peptide, pALDH(1±
for the backbone atoms (N, Ca, C') of residues 57±12422), derived from rat aldehyde dehydrogenase, was di-
of D50Tom20 and 15'±22' of pALDH(12±22) (Figure 3B).vided into N-terminal and C-terminal halves, the latter
The residues of the peptide are designated with apostro-segment, pALDH(12±22), showed nearly the same pat-
phes ('). The rms displacement to the mean coordinatetern of chemical shift changes as that of pALDH(1±22),
position for the protein portion is 0.43 AÊ for the backbonein contrast with the N-terminal segment, pALDH(1±11)
atoms of residues 57±124, whereas the rmsd value of(Figure 2, three lower panels). This suggests that the
the peptide portion is 0.73 AÊ for the backbone atomsC-terminal half of the ALDH presequence carries the
of residues 15'±22'. The convergence of the peptideTom20-binding element of pALDH(1±22).
structures themselves becomes, however, as good as
0.42 AÊ for residues 15'±22' after superposition of the
Structure of D50Tom20 Complexed peptide structures alone (Table 1).
with a Presequence Peptide The structure of D50Tom20 consists of five a helices,
The structure of the D50Tom20-pALDH(12±22) complex a1 (Val66-Gln83), a2 (Tyr86-Val99), a3 (Gln104-Gln112), a4
(Val118-Thr124), and a5 (Thr128-Ile133) (Figure 3C). The fourwas calculated on the basis of a total of 978 NOE-derived
Cell
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Table 1. Structural Statistics and Rmsds for the Cytosolic Core Domain of Rat Tom20, D50Tom20, in Complex with a Mitochondrial
N-Terminal Presequence Peptide, pALDH(12±22)a
,DYANA. ,EMBOSS.
NOE distance constraintsb total 1012 total 874
Intraresidue NOEs 321 249
Sequential NOEs (ji 2 jj 5 1) 297 262
Medium-range NOEs (2 # ji 2 jj ,5) 249 231
Long-range NOEs (ji 2 jj $5) 111 99
Intermolecular NOEs 15 15
Intrapeptide NOEs 19 18
Hydrogen bond distance constraintsc total 80 total 80
Hydrogen bonds 20 3 4 20 3 4
Dihedral angle constraints (`) 39 39
Residual distance constraint violations
Number $0.3 AÊ 0 z 3 0 z 1
Maximum 0.23 z 0.49 AÊ 0.19 z 0.32 AÊ
Residual dihedral angle constraint violations
Number $38 0 z 1 0
Maximum 1.1 z 4.68 0.6 z 2.78
AMBER energies
Total (kcal mol21) (10574 6 676)d 2464 6 30
Van der Waals (kcal mol21) (268 6 158)d 2422 6 9
Electrostatic (kcal mol21) (21183 6 23)d 21308 6 25
Rms deviation from ideal geometry
Bonds ideal 0.0066 6 0.0001 AÊ
Angles ideal 2.1 6 0.18
Impropers ideal 1.4 6 0.28
Peptide bonds, v ideal 2.0 6 0.18
Rmsd to the averaged coordinatese
After superposition of residues 57±124 of D50Tom20 and 15'±22' of pALDH(12±22)
Residues 57±124 of D50Tom20 bb 0.41 6 0.09 AÊ 0.43 6 0.10 AÊ
nh 0.81 6 0.08 AÊ 0.87 6 0.09 AÊ
Residues 15'±22' of pALDH(12±22) bb 0.87 6 0.29 AÊ 0.73 6 0.23 AÊ
nh 1.21 6 0.27 AÊ 1.18 6 0.23 AÊ
After superposition of residues 15'±22' of pALDH(12±22)
Residues 15'±22' of pALDH(12±22) bb 0.69 6 0.21 AÊ 0.42 6 0.13 AÊ
nh 0.99 6 0.23 AÊ 1.11 6 0.21 AÊ
a ,DYANA. is the ensemble of 20 NMR-derived solution structures calculated using the program DYANA version 1.5 (GuÈ ntert et al., 1997),
and ,EMBOSS. is the ensemble of 20 restrained energy-minimized structures derived from the DYANA structures using the program EMBOSS
version 5.0 (Nakai et al., 1993).
b Only meaningful distance constraints by the program CALIBA. The numbers are different for DYANA and EMBOSS due to their different
management of diastereotopic methylene protons without stereospecific assignments.
c Two upper-limit and two lower-limit distance constraints were used to describe one hydrogen bond.
d Calculated using the program EMBOSS. The nonbonded van der Waals and nonbonded electrostatic energy terms were not used in the
DYANA calculation.
e Superpositions and rmsd calculations were done using the program MOLMOL (Koradi et al., 1996). ªbbº denotes backbone atoms (N, Ca,
and C'), and ªnhº means nonhydrogen atoms.
helices, a1±a4, form a well-defined structure with an as a tandem array of many repeats, the present results
demonstrate that a single TPR motif is capable of foldinginternal hydrophobic core. The {1H}-15N heteronuclear
NOE measurement revealed faster motions in the N- and into a stable structural unit. Since TPR motifs are pro-
posed to mediate protein-protein interactions (Lamb etC-terminal segments than in the regions including the
helical cluster, a1±a4. al., 1995), it is interesting to ask if the conserved TPR
of Tom20 plays any role in the presequence recognition.The structure of the TPR motif was determined first
in protein serine/threonine phosphatase 5, PP5 (Das et The presequence peptide binding site is located in a
groove formed by helices a1, a2, and a3 of Tom20 (Fig-al., 1998). The fold of the TPR motif of Tom20 is strikingly
similar to the fold of the three TPR motifs found in PP5 ure 3C). A hydrophobic patch consisting of the side
chains of Phe70, Leu71, Ile74, Leu106, Val109, Leu110, and Thr113(Figure 4); the TPR motifs of PP5 and Tom20 consist of
a pair of antiparallel a helices (a1 and a2 in Tom20), is located at the center of the groove (yellow surface,
Figure 5A). These hydrophobic residues are well con-associated with a packing angle of ca. 258 between the
two helical axes. The TPR motifs in the Sec17 protein served among the Tom20 proteins from different organ-
isms. Some of the residues are located in the TPR motif,also share the same two-helix structure (Rice and
BruÈ nger, 1999). Although the TPR motif usually occurs but other residues are outside the motif (Figure 3A).
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shallow, so that hydrophilic residues of the peptides on
the other side of the helix are exposed to the aqueous
solvent (Figure 5B). The size of the hydrophobic patch
suggests that an amphiphilic helix bound to Tom20 is
at most two turns long, and therefore, sequences recog-
nized by Tom20 are as short as 8 amino acid residues,
whereas most presequences consist of 20±40 residues.
In contrast to the large number of intramolecular NOEs
within D50Tom20, less than 20 intermolecular NOEs
were obtained between D50Tom20 and pALDH(12±22) in
the complex. Intermolecular NOEs were observed only
between methyl protein resonances, even at saturated
peptide concentrations, suggesting the substantial at-
tenuation of the NOE intensities at the molecular inter-
face between D50Tom20 and pALDH(12±22). Such NOE
attenuation might reflect a limited number of well-Figure 4. TPR Structures of Tom20 and the N-Terminal Fragment
defined sidechain interactions between the two mole-of PP5
cules. In other words, some flexibility of the bound pre-(A) Comparison of the structures of Tom20 (green) and protein ser-
ine/threonine phosphatase 5 (PP5, blue, PDB entry 1A17). The TPR sequence peptide remains in the binding groove. In
(residues 63±103, thick tube) of Tom20 was superimposed onto the order to function as an efficient general receptor, Tom20
equivalent backbone atoms of the first TPR (residues 21±61, thick binds weakly to a variety of presequences with fast
tube) of PP5 with a rmsd of 1.3AÊ .
binding and release kinetics. We consider that this weak(B) Overlay of four TPR motifs from Tom20 (one structure, green)
and loose recognition is based on the residual flexibilityand PP5 (three structures, blue) with rmsds ranging from 0.6 AÊ to
of the bound peptides.1.4 AÊ .
Ionic Interactions Are Not Essential for the
Thus, the TPR motif is a part of the binding site of the Presequence Binding to D50Tom20
receptor, but the motif does not form the recognition The role of electrostatic interactions between prese-
element for the presequence by itself. quences and Tom20 has been a matter of debate; sev-
eral groups reported that precursor protein binding to
Tom20 is sensitive to salt concentrations (Haucke et al.,The Bound Presequence Peptide
Is an Amphiphilic Helix 1995; Komiya et al., 1997, 1998; Schleiff et al., 1997),
whereas another group reported that precursor proteinThe bound presequence peptide, pALDH(12±22), adopts
an amphiphilic a-helical structure for residues Ser16'- binding to Tom20 is not suppressed under high-salt
conditions (Brix et al., 1997). The hydrophobic patch ofAla22' (Figure 3C). The structure of the N-terminal three
residues of the peptide, Gly12'-Arg14', is not well defined, the presequence binding groove in Tom20 is surrounded
by hydrophilic residues, including Gln67, Gln75, Gln102,simply because no NMR constraints were found in this
segment. The side chains of the three leucines, Leu15', Gln104, Gln105, Gln108, Gln111, and Gln112 (orange surface in
Figure 5A), and Glu78 and Glu79 (red surface in FigureLeu18', and Leu19', are aligned on one side of the amphi-
philic helix, and are oriented toward the binding groove, 5A). Five of the eight Gln residues belong to the Q-rich
region, and the two Glu residues are within the firstmaking close contacts with the side chains of residues
located in the hydrophobic patch of D50Tom20 (Figure acidic region of rat Tom20 (Figure 3A). Some of these
residues may reinforce the peptide binding by inter-5). It is obvious that the binding of the presequence
peptide to Tom20 is mediated primarily by hydrophobic acting with the hydrophilic residues of the amphiphilic
helix of the presequence. For example, Arg14' of the pep-interactions. This was also confirmed by the mutagene-
sis study as shown below. The binding groove is rather tide occupies a position that allows interactions with
Figure 5. Representation of the Binding
Groove of D50Tom20 and the Bound Prese-
quence Peptide
(A) Molecular surface of D50Tom20 (residues
57±124). Hydrophobic residues comprising
the hydrophobic patch (Phe70, Leu71, Ile74,
Leu106, Val109, Leu110, Thr113), and Gln (Gln67,
Gln75, Gln102, Gln104, Gln105, Gln108, Gln111, and
Gln112) and Glu (Glu78 and Glu79) in the periph-
eral region are colored in yellow, orange, and
red, respectively. The bound peptide is drawn
as a tube with sidechains in magenta for Leu,
blue for Arg, and cyan for others. N' and C'
denote the N and C termini of the peptide,
respectively.
(B) Same structure viewed from an angle
along the arrow shown in (A).
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Glu79 of Tom20 (Figure 5B), whereas Arg17' is exposed
to the solvent. However, the limited number of well-
defined, intermolecular sidechain interactions in the
NMR structure of the D50Tom20-pALDH(12±22) com-
plex makes it difficult to evaluate the significance of this
putative ionic interaction in the presequence recog-
nition.
We thus performed the mutagenesis study to deter-
mine which type of interaction, hydrophobic or ionic, is
more important in the presequence binding to Tom20.
Two pALDH(1±22) mutants, Arg14'!Gln and Arg17'!Gln,
were prepared and were subjected to the NMR titration
experiments. The results show that the replacement of
positively charged arginine residues by neutral gluta-
mine in the C-terminal half of the presequence did
not affect the presequence binding to D50Tom20 (Fig-
ure 6A). The removal of the positive charges at residues
3' and 10' in the N-terminal half of pALDH(1±22)
(Arg3',10'!Gln) did not significantly alter the peptide bind-
ing to D50Tom20 either (Figure 6A). This latter result is
consistent with the fact that the N-terminal half of the
presequence alone did not bind to D50Tom20 (Figure
2). In contrast, three pALDH(1±22) mutants, Leu15'!Gln,
Leu18',19'!Gln, and Leu15',18',19'!Gln, in which hydrophobic
leucine residues in the C-terminal half were replaced
by hydrophilic glutamine residues, showed significantly
reduced abilities to bind to D50Tom20 (Figure 6A).
In parallel, we examined the effects of the removal
of the negative charges around the binding groove of
D50Tom20 on the presequence binding. NMR titration
experiments showed only slightly decreased binding of
pALDH(1±22) to the Glu79!Ala mutant of D50Tom20
(data not shown). Since residues 78 and/or 79 are occu-
pied by Glu in the Tom20 proteins from various organ-
isms (Figure 2A), the removal of the negative charge of
Glu79 may be backed up by that of Glu78. We thus pre-
pared two other mutants of D50Tom20 with Glu78!Ala
Figure 6. Effects of Mutations in the Presequence and in the Tom20
or Glu78,79!Ala substitutions. Circular dichroism (CD)Presequence Binding Site
measurements revealed that these mutant D50Tom20(A) NMR titration of D50Tom20-(His)6 for evaluation of the replace-
proteins contain nearly the same secondary structuresment of arginine and leucine residues in the ALDH presequence in
as the wild-type D50Tom20. However, it turned out thatthe binding to Tom20. The amino acid sequences of the prese-
quence peptides used are shown at the top of the figure. The prese- the replacement of Glu78 by alanine in D50Tom20 in-
quence binding was monitored by the shifts of the cross peaks duced severe protein aggregation at concentrations
corresponding to Glu78 and Cys100 of D50Tom20-(His)6 in [1H, 15N]- higher than 0.1 mM, which made the NMR titration ex-
HSQC, because the chemical shift changes of these two signals at periment impossible.
saturation were sufficiently large and similar for different functional
We therefore examined the effects of the substitutionpresequence peptides (pALDH(1±22), pCOX IV(1±25), and pOTC(1±
of Glu78 and/or Glu79 in D50Tom20 on the binding of the38)) (Figure 2). pALDH(1±22) wild type (wt, dots), Arg14'!Gln (open
circles), Arg17'!Gln (filled squares), Arg3',10'!Gln (open triangles), COX IV precursor protein (pCOX IV) by a pull-down assay
Leu15'!Gln (inverted filled triangles), Leu18',19'!Gln (open squares), (Figure 6B). In these assays, the concentrations of the
and Leu15',18',19'!Gln (filled triangles). The titration curves were ana- wild-type and mutant D50Tom20 proteins were kept as
lyzed by a nonlinear iterative fitting procedure and dissociation con- low as 5 mM to avoid protein aggregation. Note that the
stant, Kd, was estimated: wt, 20mM and 30mM with the Glu78 and binding of pCOX IV to D50Tom20 requires the prese-Cys100 cross peaks, respectively; Arg14'!Gln, 20 mM and 30 mM;
quence with hydrophobic residues because the matureArg17'!Gln, 15 mM and 20 mM; Arg3',10'!Gln, 40 mM and 50 mM;
Leu15'!Gln, 350 mM and 700 mM; Leu18',19'!Gln, 2 mM and 700
mM; Leu15',18',19'!Gln, 2.5 mM and 1.1 mM. For leucine mutants, the
chemical shift change at saturation, Ddmax, was fixed to the wt value KCl, 30 mM imidazole, 0.1% BSA) for 3 min at 258C. Then, 2 ml of
during the fitting calculation. The vertical axis is normalized for the radiolabeled COX IV precursor protein (pCOX IV), COX IV mature
comparison. The difference in the curves of the Leu15'!Gln mutant protein (mCOX IV), or mature COX IV fused to the SynB2 sequence
between Glu78 and Cys100 may be due to the close proximity of Leu15' (SynB2-COX IV) was added to the reaction and the volume was
and Glu78 in the structure (Figure 5). adjusted to 100 ml with binding buffer. After a 10 min incubation at
(B) Binding of the COX IV proteins to the hexahistidine tagged ver- 258C, the beads were separated from the solution and washed twice
sions of wild-type D50Tom20 (wt) and D50Tom20 with Glu78!Ala, with 100 ml of binding buffer. The COX IV proteins specifically bound
Glu79!Ala, and Glu78,79!Ala mutations. The wild-type and mutant to wild-type and mutant D50Tom20-(His)6 were eluted from the
D50Tom20-(His)6 proteins (0.5 nmol) were preincubated with 10 ml beads with imidazole. The amount of pCOX IV binding to wild-type
of Ni-NTA beads, in binding buffer (30 mM Tris-HCl [pH 7.9], 50 mM D50Tom20-(His)6 is set to 100%.
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COX IV without a presequence (mCOX IV) or COX IV Conclusion
fused to the presequence without hydrophobic residues
We have determined the structure of the functional cyto-(SynB2-COX IV; Roise et al., 1988) did not bind to
solic domain of the rat mitochondrial protein import re-D50Tom20. The results of the pull-down assays show
ceptor, Tom20, in complex with an 11-residue peptidethat the three mutants of D50Tom20, Glu78!Ala, Glu79!
derived from the presequence of rat mitochondrial alde-Ala, and Glu78,79!Ala, bound the pCOX IV with similar
hyde dehydrogenase. The obtained structure representsaffinityÐ80%, 60%, and 65% of that of the wild type,
a receptor together with an organellar targeting se-respectively. Taken together, we conclude that hy-
quence for translocation across membranes and pro-drophobic interactions, not ionic forces, are important
vides insight into how the mitochondrial targeting signalfor specific interactions between Tom20 and the prese-
is decoded by its cognate receptor in the mitochondrialquences.
membranes. The presequence peptide binds in a helical
conformation to an apolar groove in Tom20 mainly via
hydrophobic interactions, rather than via ionic interac-Mechanism of Presequence Recognition by Tom20
tions. In other words, Tom20 recognizes the potentialPrevious statistical and mutational analyses of func-
of the presequence to form an amphiphilic a-helicaltional mitochondrial presequences showed that they
structure, but not its positive charges. Mitochondriallack a conserved amino acid sequence motif (von Heijne,
presequences interact with various presequence bind-1986; Baker and Schatz, 1987). This means that their
ing proteins during import into mitochondria. Thus, thecognate receptors recognize the mitochondrial tar-
presequences should contain multiple recognition ele-geting signal encrypted in divergent amino acid se-
ments for different presequence binding proteins, andquences. As shown in the present study (Figure 2),
such elements are not necessarily identical. For exam-Tom20 indeed binds to three distinct presequence pep-
ple, this study suggests that the amphiphilicity and thetides with little sequence homology. Interestingly, these
positive charges of the presequence are distinct andpeptides caused similar chemical shift perturbation pat-
separable recognition elements. The present NMR struc-terns, indicating the presence of a unique presequence
ture of the presequence-Tom20 complex serves as abinding site in Tom20. What is the structural basis of
starting point of the endeavor toward understandingthis molecular recognition with broad specificity?
the mechanisms of multistep presequence recognition
The major forces that mediate recognition of the ALDH
along the import pathways. Future studies should in-
presequence by rat Tom20 are hydrophobic interac-
clude the structure determination of the complexes of
tions. Since free presequences exhibit little secondary
mitochondrial presequences with other presequence
structure in aqueous solutions (Roise et al., 1988), the binding proteins as well as those of Tom20 with various
formation of the helical structure is essential for the presequence peptides.
hydrophobic residues of the presequence to be close
to each other and eventually to be accommodated into Experimental Procedures
the apolar binding groove of Tom20. The resultant am-
Protein Preparationphiphilic helix of the peptide can be stabilized by interac-
Rat Tom20 lacking the first 24 residues (D24Tom20) was overex-tions of the hydrophilic residues on the other side of the
pressed in E. coli strain BL21(DE3)pLysS using the vector pET-21apeptide helix with solvent molecules as well as some
(Novagen). For the preparation of unlabeled or uniformly isotopically
Gln residues on the periphery of the Tom20 binding labeled protein, the cells were cultured in LB medium or M9-minimal
groove. This is consistent with the previous finding that media containing 15NH4Cl (2 g/l) and/or [U-13C]-glucose (2.4 g/l), re-
spectively. For the production of 10% 13C biosynthetically directedcorrect targeting of a precursor protein to mitochondria
labeled protein, a mixture of 90% unlabeled glucose (3.6 g/l) anddepends on the potential of the presequence to form
10% [U-13C]-glucose (0.4 g/l) was used (Neri et al., 1989). The cellsan amphiphilic helical structure (Roise et al., 1988). Since
were harvested and disrupted by sonication in 20 mM HEPES-KOH
the amphiphilic helix of the presequence is formed in the (pH 7.4), 3 mM EDTA, and 1 mM dithiothreitol. D24Tom20 was puri-
absence of lipid membranes, directly at the hydrophobic fied on SP-Sepharose and Resource S columns (Pharmacia). Treat-
binding groove of Tom20, it is not a prerequisite for ment of D24Tom20 with V8 protease (Wako, 5000:1 w/w) at 378C
for 3 hr yielded D50Tom20, which was further purified on Resourceprecursor proteins to first bind to the mitochondrial
Q (Pharmacia) and reversed-phase C4 columns. Typical yields ofmembrane to be recognized by Tom20.
D50Tom20 were 5 mg protein/l LB medium and 2 mg/l M9 medium.By contrast, the positive charges of the presequence,
D50Tom20-(His)6 for biochemical assays was purified by affinity
which are essential for the import ability of the precursor chromatography on a His Bind Resin column (Novagen). Mutations
protein (Roise and Schatz, 1988), are found to be nones- of Glu78!Ala, Glu79!Ala, and Glu78,79!Ala were introduced in
D50Tom20 by oligonucleotide-directed mutagenesis (Kunkel et al.,sential for the presequence binding to Tom20. Therefore,
1987).the positive charges of the presequence are required in
other steps during protein import into mitochondria.
Peptide Preparation
These steps include recognition by other components The presequence peptides were synthesized with an Applied Bio-
of the TOM/TIM complexes, including Tom22, Tom5, systems Model 433A peptide synthesizer. The rat ALDH prese-
quence peptide contains Arg11'!Lys and Ala21'!Tyr substitutionsand Tim23 (Schatz, 1997), sensing of the membrane
(Karslake et al., 1990). To obtain peptides containing sequence-potential across the inner membrane, and/or capture by
specifically deuterated leucines, N-Fmoc-L-[2H]leucine was pre-a chaperone in the matrix, mitochondrial Hsp70. For
pared from L-leucine-D10 (98% isotope enrichment, Shoko Co.) usingpresequence recognition by factors other than Tom20, N-(9-fluorenylmethoxycarbonyl) succinimide (Fmoc-ONSu, Sigma).
the amphiphilic helical structure of the presequence may For the preparation of uniformly 15N-labeled peptides, fusion pro-
teins consisting of the gene10 protein plus one glutamate followednot necessarily be required.
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by the presequences were expressed in E. coli cells using the vector constraints, HNi-Oj and Ni-Oj, whose target values were set to 1.8 AÊ
(lower-limit) and 2.0 AÊ (upper-limit), and 2.7 AÊ (lower-limit) and 3.0 AÊpET-17xb (Novagen) in the presence of 15NH4Cl. The fusion proteins
were recovered as inclusion bodies, solubilized in 4 M urea, and (upper-limit), respectively. The 3JHN-H` coupling constants were
used to constrain the dihedral angle ` in the range of 21408 tosubjected to V8 protease treatment (20:1 w/w) to yield the prese-
quence peptides, which were further purified by reversed-phase 21008 (.10 Hz), 21608 to 2808 (.8 Hz), or 2908 to 2408 (,5.5 Hz).
Two hundred structures of the D50Tom20-pALDH(12±22) complexHPLC. Typical yields of the biosynthetically labeled peptides were
0.8 mg/l LB medium and 0.2 mg/l M9 medium. were calculated using the program DYANA (GuÈ ntert et al., 1997)
with the 10,000-step annealing protocol. Linker residues containing
only pseudo atoms were used to calculate the structure consistingBiochemical Assay
of two molecules by connecting the pALDH(12±22) sequence to theIn vitro synthesis of radiolabeled precursor proteins, isolation of
C terminus of the D50Tom20 sequence with a pseudo linker, PLM-yeast mitochondria, and in vitro import experiments were performed
LLM224-LPM, between them. Twenty structures with the lowestas previously described (Kanamori et al., 1997). For binding experi-
target functions were selected for subsequent restrained energyments, 0.5 nmol of D50Tom20-(His)6 was incubated with 10 ml of Ni-
minimization with the program EMBOSS (Nakai et al., 1993). In theNTA beads (Novagen) in the presence of pCOX IV(1±25) or SynB2
EMBOSS minimization, the electrostatic energy was calculated within binding buffer (30 mM Tris-HCl [pH 7.9]), 50 mM KCl, 30 mM
a dielectric constant proportional to the distance, i.e., 2r. A 2000-imidazole, 0.1% BSA) for 3 min at 258C. Then, radiolabeled pCOX
step conjugate minimization was performed with the AMBER91 ªallIV (2 ml) was added to the reaction mixture and the volume was
atomsº force field. The weights to maintain the planarity of theadjusted to 100 ml with binding buffer. After a 10 min incubation at
peptide bonds and the rings were increased 10-fold to achieve good258C, the beads were reisolated and washed. The pCOX IV specifi-
geometry. In the final structures, no dihedral angle violations greatercally bound to D50Tom20-(His)6 was eluted from the beads with 300
than 2.88 and no distance constraint violations greater than 0.33 AÊmM imidazole, and was quantified by SDS-PAGE.
were present. The statistics are summarized in Table 1. Data analy-
ses, structure display, and figure drawing were carried out usingNMR Spectroscopy
MOLMOL (Koradi et al., 1996). Atomic coordinates have been depos-NMR spectra were recorded at 308C on a Bruker DMX600 or DMX750
ited in the Protein Data Bank, with accession code 1OM2. Chemicalspectrometer. NMR samples in 2H2O or 90% 1H2O/10% 2H2O con- shifts and restraints have been deposited in the BioMagResBank.tained 0.5 to 1 mM D50Tom20 and 20 mM potassium phosphate
(pH 5.4 or pH 6.8). When the presequence peptides were absent,
Presequence Peptide Titrationsthe samples contained 20 mM CHAPSO (Wako) to suppress protein
Presequence titrations were carried out by recording [1H, 15N]-HSQCaggregation. A series of 3D double and triple resonance experiments
spectra of 0.2 mM 15N-labeled protein in the presence of increasingwere recorded for spectral assignments of D50Tom20 (Marion et
concentrations of unlabeled presequence-derived peptides (up toal., 1989; Bax et al., 1990; Ikura et al., 1991; Grzesiek and Bax, 1993a;
0.5 mM for full-length presequences and 3 mM for truncated prese-Grzesiek et al., 1993; Muhandiram and Kay, 1994). Stereospecific
quences). The concentrations were corrected for dilution. The over-assignments of the methyl groups of the leucine and valine residues
all volume change was less than 10%. The titration curves werewere obtained from a [1H, 13C]-HSQC spectrum recorded on a
analyzed with the program xcrvfit v1.0, developed by Drs. R. Boyko13C-biosynthetically directed labeled sample (Neri et al., 1989). For
and B. Sykes (Univ. of Alberta, Canada), with a fitting function,the spectral assignments of the presequence peptides in a free
ªchemical shift XY1.ºstate, 15N-resolved TOCSY, 15N-resolved NOESY, and HCCH-COSY
were carried out at 108C. The resonance assignments of the
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